The nature of the low temperature ground state of the pyrochlore compound Tb2Ti2O7 remains a puzzling issue. Dynamic fluctuations and short-range correlations persist down to 50 mK, as evidenced by microscopic probes. In parallel, magnetization measurements show irreversibilities and glassy behavior below 200 mK. We have performed magnetization and AC susceptibility measurements on four single crystals down to 57 mK. We did not observe a clear plateau in the magnetization as a function of field along the [111] direction, as suggested by the quantum spin ice model. In addition to a freezing around 200 mK, slow dynamics are observed in the AC susceptibility up to 4 K. The overall frequency dependence cannot be described by a canonical spin-glass behavior.
The nature of the low temperature ground state of the pyrochlore compound Tb2Ti2O7 remains a puzzling issue. Dynamic fluctuations and short-range correlations persist down to 50 mK, as evidenced by microscopic probes. In parallel, magnetization measurements show irreversibilities and glassy behavior below 200 mK. We have performed magnetization and AC susceptibility measurements on four single crystals down to 57 mK. We did not observe a clear plateau in the magnetization as a function of field along the [111] direction, as suggested by the quantum spin ice model. In addition to a freezing around 200 mK, slow dynamics are observed in the AC susceptibility up to 4 K. The overall frequency dependence cannot be described by a canonical spin-glass behavior.
PACS numbers: 75.40.Gb; 75.60.Ej; 75. 30.Kz Geometrical frustration studies in magnetism have revealed a large variety of new and exotic magnetic phases 1 . Among the frustrated materials, the rare-earth pyrochlore oxides, in which the magnetic atoms are situated on a corner-sharing tetrahedra lattice, form a family in which different kinds of anisotropy and / or magnetic exchange can be obtained, thus providing a playground for studying the role of these parameters in the frustration 2 . Their chemical formula is R 2 M 2 O 7 where R is a rare-earth and M a non magnetic metallic element. Among these compounds, Tb 2 Ti 2 O 7 has been the focus of much interest since no magnetic ordering is observed down to 50 mK 3, 4 in spite of antiferromagnetic interactions leading to a Curie-Weiss temperature of - 13 K 5 . In this compound, the magnetic Tb 3+ ions have a strong Ising-like anisotropy along the local [111] axis. Instead of a long range order predicted to occur around 1 K 6,7 , short range correlations are observed down to the lowest temperature 3, 8 . It has been proposed that the ground state and first excited state of the Tb 3+ ion are two doublets, separated by a gap ∆ 18 K 5,9 . In this framework, it was suggested that quantum induced crystal field excitations could help explain the absence of long-range order in Tb 2 Ti 2 O 7 10 . Thus this compound was considered to be a "quantum spin ice" in analogy to dipolar spin ices which are characterized by a degenerate ground state in which two spins point in and two spins point out of a tetrahedron 11 . It follows that the magnetization curves at low enough temperatures should show a magnetization plateau in the presence of an applied field along the [111] direction 12 as observed in dipolar spin ice compounds 13 . Notwithstanding, recently it has been proposed that a tetragonal distortion which occurs at low temperature [14] [15] [16] lifts the degeneracy of the lowest doublet, thus generating a singlet ground state 17, 18 . In this case, the resulting Tb magnetic moment is induced by exchange interactions 19 . As the nature of the Tb 3+ ion ground state is still a debated question 20 , magnetization curves at very low temperature could be a key to resolving it.
Another puzzling feature of the Tb 2 Ti 2 O 7 low temperature magnetic state is the apparent contradiction between the persistent dynamics down to 50 mK 3 , and the evidence of freezing observed near 200 mK by AC susceptibility 4, 21 and in Zero Field Cooled-Field Cooled (ZFC-FC) magnetization measurements 22 , which was at first attributed to the presence of defects 4 . Irreversibilities in muon spin relaxation (µSR) measurements and a minimum in specific heat have been reported at the same temperature 23 . Furthermore, a saturation of the muon relaxation rate has been observed below about 2 K 3,23 . These observations suggest the coexistence of different time and temperature scales for the spin dynamics, and up to now, no clear unified picture has emerged to describe the dynamics of Tb 2 Ti 2 O 7 . Although microscopic probes (neutron scattering and µSR measurements) have been extensively used, detailed studies of the magnetization 24 and of the AC susceptibility need to be performed at very low temperature.
In this communication we present a systematic study of the macroscopic magnetic properties down to 57 mK made on Tb 2 Ti 2 O 7 single crystals. We show that down to this temperature, there is no evidence of a magnetization plateau in the [111] direction 12 . We also show that the reported glassy phase 4, 21 is not a canonical spin glass phase, and is strongly dependent on the applied field.
Magnetization and AC susceptibility measurements were performed by the extraction method, using two superconducting quantum interference device magnetometers equipped with miniature dilution refrigerators and developed at the Institut Néel 25 . AC measurements were carried out for frequencies between 1.1 mHz and 2.11 kHz, with an applied AC field of 0.5 and 4 Oe (No dependence on the amplitude of the AC field was observed).
Three crystals, denoted as B, C, and D, were prepared for these measurements (see Suppl. Mat.). These crystals have been characterized by specific heat measurements. The data for crystal C have been published in Ref. 23 . The specific heat behaviors of samples B and C are qualitatively the same, with no anomalies, although sample B has a slightly larger residual entropy. In contrast, the specific heat of sample D is very different with a narrow peak around 400 mK, reminiscent of the data published in Ref. 21 . These crystals were cut into flat, disk shaped Two main differences emerge when we compare our measured curves along [111] to the predicted magnetization curves of Ref. 12 calculated in the independent tetrahedra approximation (ITA) (See figure 1(c)): i) The measured value of the magnetization at 0.5 T is significantly lower than the calculated magnetization. ii) More important, our 57 and 100 mK curves are almost identical whereas the calculated 50 and 100 mK curves have very different shapes.
Several hypotheses can be proposed to account for these discrepancies. i) It has been suggested that the exchange interaction is anisotropic 19, 26 . In this scheme the proposed exchange energies are larger than the isotropic exchange constant used in the calculation of Ref. 12. Ref. 12 shows that the increase of the exchange tends to decrease the magnetization value at low field and to decrease the temperature at which the plateau is formed. Thus in this case, our lowest measuring temperature could be higher than the temperature for the formation of the plateau. ii) It has been recently proposed that the Tb ground state is a singlet [17] [18] [19] rather than a doublet. This scenario presumably precludes the existence of the plateau. The computation of the magnetization curves within this crystal field scheme would be of great interest to compare to the present data. iii) In Ref. 12 , the calculation were made in the independent tetrahedra approximation. It would be interesting to check the robustness of the plateau when including further neighbors.
We measured the ZFC-FC magnetization as a function of temperature for the four samples. All of the data show an irreversibility below 250 mK (See inset of Fig.  2 ): the ZFC curve has a maximum between 150 and 200 mK, whereas the FC magnetization tends to saturate. This behavior is in agreement with previous magnetization measurements 22 . It occurs at almost the same temperature as the irreversibility observed in transverse µSR measurements (with a 600 Oe field along [110]) as well as the minimum in specific heat 23 . When increasing the magnetic field above 50 Oe, the magnetization starts to saturate, thus leading to a smaller value of M/H (See Fig. 2) , and the irreversibility is reduced. Figure 3 shows an investigation of the frequency dependence of the AC susceptibility associated with this irreversibility. We measured the AC susceptibility along the [111] and [110] directions for samples C1 and C2 respectively, and the behavior is identical for both directions. As seen in Figure 3 , the real part χ of the susceptibility as a function of temperature presents a well-defined peak, which occurs at the same temperature as in previous measurements 4, 21 . The imaginary (or dissipative) part χ" is about 10 % of χ , indicating that a substantial amount of the sample is involved in these slow dynamics. For samples B et D, the peak in χ occurs in the same range of temperature. Nevertheless, it is broader and χ exhibits a more complex shape (see Suppl. Mat.). These features indicate that the physical origin of the freezing is intrinsic to the compound and that only the detailed dynamics might be affected by the slight differences between the crystals.
The AC susceptibility behavior is very different from a canonical spin-glass behavior. Usually, a maximum in χ (T ) is caused by a competition between the increase of the magnetic polarization and the slowing down of the dynamics when the temperature decreases. The existence of a distribution of relaxation times broadens the maximum and makes it difficult to compare χ to usual dynamic laws because the freezing temperature T , which can be defined as the χ maximum 28 , does not provide a direct determination of the maximum relaxation time τ 29 . Nevertheless, in canonical spin glasses, two relations are often used to describe the frequency dependence of the χ maximum 30 : i) the Vogel-Fulcher law
, where E is an energy barrier, T 0 is a phenomenological parameter, τ 0 is the intrinsic relaxation time, and τ is related to the measurement frequency τ = 1/(2πf ), and ii) the dynamic scaling law
zν , where T c is the transition temperature and zν is the dynamic critical exponent. In the case of Tb 2 Ti 2 O 7 , neither of these laws fits the temperature dependence of the χ maximum, thus indicating the absence of a canonical spin-glass transition. However, the law τ = τ 0 exp[(E/T ) σ ] fits the data with τ 0 ≈ 1.1×10
s, E ≈ 0.91 K and σ ≈ 2 (See the inset of Fig. 3 ). Such a law has been proposed in the context of a zero temperature spin-glass transition 32, 33 . In this case, the maximum of the susceptibility is related to a glassy behavior rather than to a spin-glass phase transition. We can note that although this detailed analysis of the frequency dependence of the χ peak shows that Tb 2 Ti 2 O 7 does not exhibit a canonical spin-glass transition, the peak shift per decade frequency ∆T /[T ∆(log f )] is found to be 0.06-0.08 (depending on the frequency range) and is thus similar to that for insulating spin-glasses 31 .
In addition to this analysis of χ , it is interesting to focus on the dissipative part χ" (See the bottom of Fig. 3) . In a simple thermally activated process with a single energy barrier E, the frequency dependence of the maximum of χ" as a function of 1/T would follow an Arrhenius law τ = τ 0 exp(E/T ). This is not the case (See the inset of Fig. 3 ), which suggests a more complicated process. The unusual shape of the χ (T ) curves confirms it. At low frequency, f < 21 Hz, the χ" onset occurs at low temperature (T < 0.4 K) and the peak is quite sharp and asymmetric. At higher frequency, we enter a second regime in which the peak is much more rounded. This might be due to an additional relaxation process at these frequencies. Indeed, an intriguing feature arises in this regime: The value of χ" decreases very slowly when increasing the temperature and falls to zero at much higher temperature. For example, for frequencies larger than 570 Hz, the χ" onset occurs at temperatures larger than 4 K. This "high frequency" regime is observed in all the samples and indicates that slow dynamics emerges at a much higher temperature than the effective freezing (200 mK) of the compound. Since it was shown that correlations at 2.5 K extend only over a single tetrahedron 3 , this high temperature dissipation might be related to the dynamics of these single tetrahedra.
These two regimes can be related to previous microscopic measurements, although in different time scales. When decreasing the temperature from 10 to 1 K, the µSR asymmetry shows a change in shape and the µSR relaxation rate 1/T 1 increases rapidly 3, 23 . Meanwhile, the neutron scattering quasi-elastic energy linewidth decreases 23, 27 . Together with the onset of χ" around 4 K at "high" frequencies, these results indicate that, in this temperature range, several characteristic times exist in the system (from 10 −11 to 10 −2 s) and that all of them are increasing. At lower temperatures, below 1 K, the µSR relaxation rate starts to saturate. In addition, neutron spin echo (NSE) measurements show that, below 400 mK, more than 10 % of spins are nearly frozen within the NSE time scale window (< 1 ns) 4 . The low temperature peak in AC susceptibility measurements might be induced by these "frozen" spins at the NSE scale. These observations show that the original magnetic ground state observed in Tb 2 Ti 2 O 7 results in a rich dynamic behavior over a very broad time range, from less than the nanosecond to the quasistatic regime. We can wonder whether these dynamics could be induced by the existence of multispin excitations. Indeed, loops with a broad distribution of lengths were identified in the Coulomb phase of spin ice 34 . In kagome systems, similar loops were shown to have temperature dependent relaxation times and to induce a dynamical freezing 35 . It is worth noting that the shape of our AC curves, especially the χ" part, is very similar to recent measurements in Tb 2 Sn 1.
36 . It shows that the slow dynamics probed by AC susceptibility is robust against deformation and confirms that is is not simply due to defects or impurities in the samples.
Finally, the AC susceptibility measurements with a DC applied field show a very complex behavior (See Fig. 4) . i) The χ signal is much smaller than the corresponding M/H amplitude, showing that a part of the spins are easily polarized by the DC field, become blocked and cease to respond to the AC field. In parallel, the application of a DC field strongly suppresses χ" at low frequency.
These results are related to saturation effects and to the suppression of the irreversibility in the ZFC-FC curves reported above when increasing the magnetic field. ii) On the contrary, the high temperature part of χ" at high frequency (f > 21 Hz) remains important, even in presence of a 1000 Oe DC field (not shown). The origin of this high frequency broad signal remains unclear, but it might be a key feature in understanding the Tb 2 Ti 2 O 7 exotic magnetic state, especially since it seems robust against magnetic field. In conclusion, we have shown that the magnetization curves of Tb 2 Ti 2 O 7 measured along the [111] direction do not show evidence of a plateau down to 57 mK, contrary to the predictions of the quantum spin ice model 12 , and in agreement with Legl et al. 24 . Moreover, the [110] magnetization curves are very similar to the [111] data. Below 250 mK, the ZFC-FC curves present an irreversibility which is reduced when increasing the applied magnetic field. Our analysis of the frequency dependence of the AC susceptibility leads us to conclude that these dynamics do not correspond to a canonical spin-glass transition, but rather to a freezing. The unusual features observed in the χ" part of the susceptibility up to 4 K show that the slowing down of the dynamics occur at much higher temperature than the freezing temperature. The compatibility between our measurements on four samples and previous studies make us believe that these features are intrinsic, and that the coexistence of fast and slow dynamics is a clue in understanding the physics of Tb 2 Ti 2 O 7 .
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Supplemental Material
For the three crystals an initial heat treatment of the Tb 2 O 3 and TiO 2 powders to 1200
• C was followed by a second treatment up to 1350
• C with an intermediate grinding and compaction so as to obtain a dense rod. The crystals were subsequently prepared from the rods of Tb 2 Ti 2 O 7 using the traveling floating zone technique. Crystals B and D were grown under one atmosphere of argon with growth velocities of 8 and 3 mm/h respectively, and crystal C was prepared under oxygen gas with a velocity of 7 mm/h. These crystals were characterized by heat capacity measurements 1, 4 . We recall that sample D presents an anomaly in the specific heat around 400 mK, which is not associated with any anomaly in the magnetization at this temperature (See Figure 1) . The specific heat of samples B and C are very similar, but sample B has a slightly higher residual entropy. measured magnetization curves 5,6 but was not reproduced by calculation 7 .
IV. AC SUSCEPTIBILITY IN SAMPLE B
The Zero Field Cooled -Field Cooled (ZFC-FC) curve of the DC susceptibility measured in sample B in a small field (H DC = 5 Oe) presents an irreversibility below 250 mK, in a very similar way as samples C1 along [111] and C2 along [110] (See Figure 5(a) ). Associated with this irreversibility, the real part χ of the AC susceptibility presents a broad peak which depends weakly on the frequency, as shown in Figure 5(a) . The imaginary part χ shows a more complex behavior (See Figure 5(b) ). The fact that the χ AC peaks are better defined in samples C1 and C2 may indicate that the distribution of relaxation times is narrower in these samples than in sample B. The presence of local inhomogeneities, by modifying the local energy environment of the spins might extend such a distribution, resulting in broader features in AC susceptibility measurements. Interestingly, for frequencies larger than 21 Hz, χ presents the same tail as observed in samples C1 and C2 when the temperature is increased, falling to zero at much higher temperatures. 
